Linear Perturbation Theory
in LTB Models

Sean February
PhD student, University of Cape Town, South Africa

Collaborators:
Chris Clarkson, Tim Clifton, Roy Maartens, Julien Larena

4 Benasque Workshop on Modern Cosmology
Benasque, Spain, 10 August 2012




Introduction

- Review of the Concordance Model
- The LTB Model

Perturbation Theory in LTB
Preliminary Results

Summary & Outlook

4th Benasque Workshop on Modern Cosmology, 10 August 2012



Introduction

Review of the Concordance Model
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Introduction

Review of the Concordance Model

The concordance model assumes:
- General Relativity + CDM + A

- The Copernican Principle
- Isotropy about the Milky Way

Friedmann-Lemaitre-Robertson-Walker geometry

7 3% DARK ENERGY

Q‘m’eg

Caveat: no satisfactory theoretical understanding of A (or DE) exists....

In the mean time, worthwhile to question above assumptions...
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Introduction

Review of the Concordance Model

We will assume:

Lemaitre-Tolman-Bondi (LTB) spacetime
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Introduction

The LTB Model

General line element:

ds? = —dt? + X2(t,r)dr?® + A%(t,T) [d02 +sin24 d¢2]

where X(t,r) = f(r)0,A(t,r).

Setting a, (t,7) = A(t,r)/r, a|(t,7) = 0-A(t,r) ,and f(r) =1/4/1— k(r)r?
we can instead write:

at(t,r)
2 _ 2 [ 2 2 2 7002
ds® = —dt* + — n(r)rzdr + a“ (t, r)r-dS2
Anisotropic expansion:
: e
H_]_ (t’ T) — a| (t7 T) and HH (t, ,r,) — a”( 7fr.>
ay (t,r) a(t,r)

4th Benasque Workshop on Modern Cosmology, 10 August 2012 7



Introduction

The LTB Model

Analogue of Friedmann equation:

Qo (1) N 1— Qm(r)]

B0 =L |35 5+

where we set a,(r) =1.

The age of the universe is then:

1 ar(tr) dx
=l = H.(r) /0 \/Qm(r)x_l +1—Qn(r)

Free to choose:
- Q. (r) (matter density)
- t5(r) ("bang time”)
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Introduction

The LTB Model

Analogue of Friedmann equation:

Qp (1) 1 —Qp(r)
ai(t,r) * ai(t,'r) ]

where we set a,(r) =1. Typical “void”

H2(t,r) = H2, (r) [

Qyy(r)
The age of the universe is then: Q0 =1
1 ay (t,r) dx ‘
t=tp(r) = H,(r) /0 V(M) z T+ 1= Qp(r) :
i FWHM ~ 6Gpc
Free to choose:

- Q. (r) (matter density) Q_in~0.2

- t5(r) ("bang time™)
r
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Introduction

The LTB Model

Current status: “Tension in the Void”, Zumalacarregui et al. (2012)
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4th Benasque Workshop on Modern Cosmology, 10 August 2012 10




Introduction

The LTB Model

Similarly, non-uniform bang-time adiabatic void models are inconsistent with
SNla, HO, CMB and kSZ data [Bull et al. (2011); See also Garcia-Bellido &

Haugbglle (2008)].

Perhaps further tweaking is necessary:
- "Isocurvature’ mode? [See Regis & Clarkson (2010); Clarkson & Regis

(2010)]
- A feature in the primordial power spectrum? [Nadathur & Sakar (2010)]
- The effects of linear perturbations? [eg. Zibin (2008); Clarkson et al. (2009);

Nishikawa et al. (2012)]

Seems to require lots of fine-tuning!
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Introduction

The LTB Model

Recent study of the effects of perturbations on BAO scale:

February, Clarkson & Maartens (2012)
arxiv:1206.1602 [astro-ph.CO]
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Introduction

The LTB Model
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Perturbation Theory in LTB

Via the “2+2” approach [see Gundlach & Martin-Garcia (2000)]:
- Rewrite background LTB metric

ds® = gffggdxAde + R2v,pdx®dx?
- Expand scalars on two-sphere
oo m=¥~¢
37 , T%) = Z Z ¢€m )Yem (2%)
/= =

0m=—¢

- Perturb around this

G = /(“/) _|_5gﬁlo/lar _|_5ga:mal
where
hagY 2h 4Y. 0 haS
polar __ AB Al:a axial __ INALa
69#1/ _ ( * R2 (KY'}’ab + GY;ab) ) 59 ( * QhS(a;b) )

Y= Y[m(G,CD) : y:a = aaY; Vab Y:ab = - {([+1)Y; E:az eaby:b
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Perturbation Theory in LTB

General coordinate transformation
it — n(0) + ¢H
where
¢ = [¢4Y, &Y + MS°)
Relate variables in ‘old’ coords to ‘new’ via active or passive approach.
Apply Regge-Wheeler gauge.
For the polar sector we find
ds? = — [1 + (277 — x— (,0) Y] dt? — 26Y X (¢, r)dtdr + [1 + (x + (p) Y]Xz(t, r)dr? + [1 + ng] A2(t,7)dQ2

1y = {aA + (wm + %hABaB) Y, vYa] p = p B (14 AY)

at=(1,0) , at=(0,x7)
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Perturbation Theory in LTB

Master equations for £>1 (n=0): (arxiv:0903.5040 [astro-ph.CO])

. . 6.M 0—1)(0+2
X+ X" —3Hx —2Wx' + 167er—a—3—4HL(H||—HL)—( aggz ) x = Sx(s,p)
1 1

. . K
PpraH L p—2 3¢ = So(X:9)

1
$+2H|c = =)'
8nGpA = —¢" —2W¢' + (Hj+2HL )¢+ Wx' + Hix + E(f{;j) +2H2 +4H HL — 87Gp| (x + )
_ _22){7{:_ 2) x+2H,<' +2(H + H,)Ws,
where
X' = A4V 4 X W= %ﬂr
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Preliminary Results

For the following void model:

Profile of dimensionless matter density today
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Preliminary Results

Evolution of qin MV model: initial Gaussian in q (rp=2Gpc)
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Preliminary Results

Evolution of qin MV model: initial Gaussian in q (rp=SGpc)
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Summary & Outlook

LTB models require enormous fine-tuning to accommodate observations.

Introduced linear perturbation theory to address structure formation in a
spherically symmetric, inhomogeneous background.

Found:

- adding scalar mode to 2PCF calculation produces negligible corrections
to BAO predictions, but noticeable differences seen in amplitude of peak.

- evolution of full system of perturbations so far makes sense: shearing
inside void causes larger amplitude of ‘GWSs’ than outside.

Where to from here?

GWs corrections can be used to address validity of Newtonian theory (N-
body), astrophysical applications etc...

Watch th's Space ./
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